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A B S T R A C T   

A simple and low-cost green synthesis method was optimized to prepare stable silver nanoparticles (AgNP) using 
aqueous Eucalyptus globulus leaves extract. This green method allows to obtain AgNP with spherical morphology 
and variable size around 25 nm, and it is dependent of the reaction temperature and concentration of the plant 
extract. AgNP stability was followed during 3 months by zeta potential measurements and a negative zeta range 
from − 30.7 to − 33.6 was determined. Biogenic-stabilized AgNP exhibited dual-functional properties as effective 
in environmental remediation with bacterial growth inhibition and dye photodegradation. Staphylococcus aureus 
and Escherichia coli were tested for antibacterial activity, and considerable inhibitory activity was found. High 
photocatalytic degradation of indigo carmine (IC) dye was performed in the presence of the AgNP as catalysts 
under sunlight irradiation. The degradation efficiency after 2 h of reaction was 37 %, 83 % and 98 % in the 
presence of UV light, visible light and sunlight irradiation, respectively. The germination of corn kernels test was 
used to determine the toxicity of the treated IC solutions and the results showed low toxicity after the photo
degradation process.   

1. Introduction 

Demand for energy, materials and chemicals is growing due to the 
continuous growth of the global population combined with urbanization 
and industrialization [1]. A decreasing quality of the environmental 
systems is undoubtedly a consequence of releasing unwanted waste to 
the environment from many anthropogenic sources [2]. 

A variety of toxic dyes are used in the manufacture of leather, 
foodstuffs, paint, textile, plastic, paper, cosmetics, rubber and pharma
ceuticals as a result of their exploitation leading to pollution of water 
resources which is dangerous for humans and the environment [3]. It is 
estimated that around 10,000 different types of synthetic and natural 
dyes are produced worldwide each year, weighing somewhere between 
7 × 105 and 1 × 106 tons, with a significant amount of dyes wasted 
during the manufacturing and application processes [4,5]. The fixation 
of reactive dyes during the dying process is extremely inefficient, almost 
50 % released directly into the environment [6]. The Indigo Carmine 

(IC) or Acid Blue 74 dye is extensively used as blue food additive, E132, 
and in the textile industry, and it is present as a pollutant in the major 
industrial effluents contaminating freshwater bodies [1]. The presence 
of two sulfonic acid groups in the molecule enhances its solubility in 
water [5]. IC dye is considered a highly toxic compound of the indigoid 
class of dyes and its direct contact causes skin and eye irritations, with 
permanent injury to the cornea and conjunctiva. It is also responsible for 
gastrointestinal irritations with nausea, diarrhea and vomiting [7,8]. As 
IC dye is very harmful to the environment even at low quantities, its 
removal from contaminated water is crucial. 

Advanced oxidative processes (AOP) have been applied for waste
water treatment since the production of reactive free radicals allows to 
degraded organic pollutants by redox reactions [9]. Heterogeneous 
photocatalysis distinguishes out among AOP because it involves redox 
reactions induced by irradiation with catalysts. The ability to incorpo
rate renewable sunlight energy in the form of solar photons is the main 
advantage of heterogeneous photocatalysis, which adds significant 
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environmental value to the degradation process. In particular, for large- 
scale aqueous-phase applications, the use of solar light to photodegrade 
wastewater contaminants can make it a competitive method [10]. 
Recent reviews describe various catalysts that have been synthesized 
and used in wastewater treatment for degradation of dyes [11], PAH 
(Polycyclic Aromatic Hydrocarbons) [12], antibiotics [13] or herbicides 
[14]. IC was effectively degraded (87 %) under visible light by a het
erostructured composite of borosilicate glass containing CdS/ZnS 
quantum dots [8]. Also, silver-attached reduced graphene oxide nano
composite exhibited notable photocatalytic degradation ability towards 
both IC and methylene blue [15]. Sun et al. [16] studied the anthracene 
degradation by AgBr/BiOBr/TiO2 catalyst and founded a high photo
catalytic activity, stability and adaptability of the new material. 

Due to their excellent optical absorption over a broad range of the 
sunlight spectrum, including both visible light and UV light, noble metal 
nanoparticles (MNP) have been recognized as a type of effective media 
suitable for harvesting light energy for chemical processes [17]. Silver 
nanoparticles (AgNP) have gained much attention due to their excellent 
conductivity, stability and multiple applications as catalysts, antiviral, 
antifungal and antibacterial agents [18–21]. These remarkable proper
ties of AgNP are attractive for heterogeneous catalysis, so they may be 
used as an efficient catalyst for clean-up of pollutants in liquid effluents. 

For the synthesis of nanomaterials, there are several options, mostly 
categorized as physical and chemical methods. These conventional 
methods have limitations, such as their high energy demand and 
equipment supplies, production of flammable hydrogen gas and use of 
hazardous substances like NaBH4, organic solvents, stabilizing and 
dispersion agents [22]. One of the most pressing needs in the field of 
environmental remediation is the development of a green, friendly, 
simple-to-implement, renewable and cost-effective method of MNP 
synthesis [1]. The research is focused on green synthesis of nano
materials, avoiding the use of environmentally safe reactants and sol
vents and the absence of any unwanted byproducts during synthesis 
[23]. Cao et al. [24] synthesized carbon dots using yeast Rhodotorula 
mucilaginosa PA-1 and the carbon nanoparticle family showed very good 
potential to degrade malachite green under ultraviolet and visible light. 
In another work, a high photocatalytic efficiency of degradation of 
methylene blue using a composite of quantum dots and AuNP bio
synthesized using the filamentous fungus Phomopsis sp. XP-8 [25]. A 
green nanocomposite of ZnO-MgO was produced using marine brown 
alga and showed a good photocatalytic degradation of Rhodamine B 
[26]. 

In the last two decades, there has been interest in the synthesis of 
MNP using plant extracts [18,27]. Plant extracts are utilized as reducing 
and capping agents for the biosynthetic formulation of these green 
nanomaterials. The features of the MNP generated are known to be 
influenced by the type of plant extract employed because different plant 
extracts contain varying quantities of organic reducing agents [28]. 
Eucalyptus, a genus in the Myrtaceae family, are the world’s largest 
cultivated and natural hardwood flora [29]. Eucalyptus leaves extract 
has a high content of polyphenols, polyphenols, flavonoids, tannins 
terpenoids and monoterpenes that contribute to strong reducing ability 
[30]. In the first work on the eucalyptus-mediated synthesis of MNP, 
Ramezani et al. [31] used an extract of Eucalyptus camaldulensis as a 
reducing and capping agent for the synthesis of AuNP with size ranging 
from 1.25 to 17.5 nm. Until now, eucalyptus leaves extract has been 
used to biosynthesize different MNP such as ZnONP [23], FeNP [32], 
AgNP [33], CuONP [34], MgONP [35], Fe/NiNP [36] and Fe/PdNP 
[37], to be used in environmental remediation. Recently, ZnONP were 
synthesized from the leaf extract of Eucalyptus grandis and applied in the 
efficient photodegradation of tartrazine dye and as antimicrobial agent 
[38]. In the presence of biosynthesized FeNP by eucalyptus leaf extract, 
approximately 100 % of Cr(VI) was adsorbed [32]. Also, bimetallic Fe/ 
NiNP biosynthesized with eucalyptus leaf extract showed a high cata
lytic activity in the degradation of methyl orange dye [36]. 

In this context, the present study aims to optimize and characterize 

the biosynthetic process of the green synthesis of AgNP using aqueous 
eucalyptus leaves extract from Eucalyptus globulus, a raw material from 
Portugal. The identification of the biomolecules involved in the AgNP 
synthesis was performed by HPLC-MS and GC–MS. The obtained AgNP 
were evaluated as environmental remediation agents (photocatalyst and 
antimicrobial). The main novelty of this study is the possibility of pro
ducing sustainable MNP through a green procedure, so they may be used 
in nanotechnological approaches for the degradation of harmful dyes 
and for the disinfection of pathogenic bacteria in liquid media. 

2. Materials and methodologies 

A detailed description of the materials and the methodologies used in 
this work are described in Supplementary Material. 

2.1. Preparation of eucalyptus leaves extract 

Eucalyptus leaves from Eucalyptus globulus were picked in Marco de 
Canaveses, Portugal (41◦06′17.0″N 8◦09′07.0″W) in September 2021. To 
remove impurities adhered, the collected fresh leaves were rinsed 
several times with distilled water and then dried at room temperature 
(RT) to constant weight. Dried leaves were chopped and ground to a fine 
powder (≤1 mm), in a mechanical grinder. Dried plant powder (25 g) 
was subjected to a conventional solid-liquid extraction using a cylin
drical reactor into a water bath with shaking (200 rpm) and extracted 
with 250 mL of water at 50 ◦C for 30 min. Whatman filter paper No. 1 
was used to filter the extract and the filtrate was stored at 4 ◦C for further 
use. 

To determine the extraction yield, a glass slide was weighed and then 
1000μl of the extract was dropped on it, the weight of the slide and its 
content after evaporation (105 ◦C/12 h) was recorded. The yield was 
calculated take into account the weight of the powder sample, measured 
(25 g) by Eq. (1): 

Yield (%) =
Weight of aqueous extract (g)

Weight of the powdered extract (g)
× 100 (1)  

2.2. Synthesis of AgNP using eucalyptus leaves aqueous extract: 
Preparation and characterization 

Several amounts of eucalyptus leaves extract were added dropwise to 
AgNO3 with constant stirring at different temperatures during 1 h. The 
resulting colored solution of AgNP was centrifuged and the precipitate 
was washed twice with distilled water and ethanol and then lyophilized 
(Fig. S1). The biosynthesized AgNP with 100 mL of extract at RT and 
50 ◦C were labeled as AgNPRT-1:1, and AgNP50◦C-1:1, respectively, while 
the biosynthesized AgNP with 200 mL of extract at 50 ◦C were labeled as 
AgNP50◦C-1:2. 

The AgNP were characterized by different techniques: Ultra-high 
Resolution Field-emission Scanning Electron Microscope (Auriga 
Compact, Zeiss) with a coupled microanalysis X-ray system (EDS - en
ergy dispersive spectrometer); UV–Vis spectrophotometer; Fourier 
Transform Infrared Spectroscopy, X-ray photoelectron spectroscopy 
(XPS); Thermal gravimetric analysis (TGA); Dynamic light scattering 
(DLS) and X-ray diffraction (XRD). 

2.3. Analytical methods for biomolecules identification 

The identification of volatile compounds in the eucalyptus leaves 
extract was carried out using gas chromatography linked with mass 
spectrometry (GC–MS), was made according to Coelho et al. [39]. 

The identification of the polyphenolic compounds was made by 
HPLC equipped with MS/MS detector. More information is found in the 
Supplementary material. 

The quantification of some phenolic compounds in aqueous extract 
of eucalyptus leaves, before and after synthesis of AgNP, was performed 
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using a Shimatzu Nexpera X2 ultra-performance liquid chromatography 
(UPLC) set-up, connected with Diode Array Detector (DAD) (Shimadzu, 
SPD-M20A), as described by Ferreira-Santos et al. [40]. All analyses 
were performed in triplicate. 

2.4. Environmental remediation by AgNP 

2.4.1. Evaluation of antibacterial activity 
The antibacterial activity of the biosynthesized AgNP was evaluated 

using a traditional disc diffusion method. Escherichia coli (Gram-nega
tive) and Staphylococcus aureus (Gram-positive) as sensitive bacteria 
were used and different amounts of AgNP were tested. 

2.4.2. Evaluation of photocatalytic activity 
The photocatalytic activity of biosynthesized AgNP on the degrada

tion of IC as a wastewater pollutant model under UV light, visible light 
and sunlight irradiation, was evaluated during 2 h of reaction. The 
photodegradation reactions were carried out in a magnetically stirred 
photoreactor with an aqueous solution of IC (10 mg⋅L− 1) dye with AgNP 
at RT, in dark condition over 30 min to allow the homogeneous 
dispersion. Thereafter, the solution was exposed to UV light irradiation 
and to visible light irradiation placed outside the reactor. The photo
catalytic experiments under sunlight irradiation were conducted in an 
open space where it is possible to gather the solar radiation on a sunny 
day, between 12 a.m. and 2 p.m. Dye samples were withdrawn at fixed 
times, AgNP were separated from the dye solution through centrifuga
tion and the supernatant was analyzed at 610 nm using a UV–Vis 
spectrophotometer. 

The toxicity of the IC solution after 2 h of photodegradation under 
different irradiation was assessed by the germination of grains of corn 
kernels, based on a procedure adapted from Sancey et al. [41] and Tanji 
et al. [42]. 15 healthy grains of corn were placed in a Petri dish with two 
paper filters, and 5 mL of each aqueous solution was added every day: 
(A) Ultrapure water (control); (B) IC untreated solution at 10 mg⋅L− 1; 
(C) IC solution after photodegradation under UV light irradiation; (D) IC 
solution after photodegradation under visible light irradiation, and (E) 
IC solution after photodegradation under direct sunlight irradiation, 
after 2 h of reaction. Petri dishes were covered and seeds were germi
nated in a growth chamber at RT in February of 2023. Three replicates 
were prepared for the assays. 

The following equation is used to estimate germination after count
ing the number of seeds that have germinated after 7 days (Eq. (2)): 

Germination (%) =
(%of germination control − %of germination test)

%of germination control
× 100

(2)  

3. Results and discussion 

3.1. Optimization of the biosynthetic process of AgNP 

The biosynthesis of AgNP is performed by reducing the Ag+ salt so
lution with the aqueous Eucalyptus globulus leaves extract, which was 
used both as a reducing and as a stabilizing agent (Fig. S1). The leaves 
obtained from trees at Marco de Canaveses, North of Portugal, are a by- 
product (bio-waste) of the lumber and cellulose industry. Several pa
rameters influence the AgNP formation, such as reaction temperature 
and the concentration of the plant extracts [43,44]. Different tempera
tures (RT and 50 ◦C) and ratios between AgNO3 and eucalyptus leaves 
extract (1:1 and 1:2) were tested. The color of the suspension progres
sively shifted to a dark brown, which indicated the formation of AgNP. 

UV–Vis spectroscopy can be used as a useful method to recognize and 
characterize MNP [45]. The conduction electrons on the metal surface 
are set into their oscillations when MNP are exposed to light excitation. 
The resonance attained between the light photons and frequencies of 
surface electron oscillations is localized surface plasmon resonance 

(SPR). The green AgNP were analyzed in the wavelength range from 350 
to 700 nm by UV–Vis. An individual spectral fingerprint for a plasmonic 
NP with a specific shape and size is produced by the wavelength for 
maximum absorption (λmax) and band width [46]. Fig. 1A shows the 
optical spectra of AgNP, 1 h after the addition of the eucalyptus leaves 
extract at different synthesis conditions. 

It can be seen in Fig. 1A that both AgNP obtained at 50 ◦C presents 
the characteristic SPR, with a λmax at 458 and 464 nm for AgNP50◦C-1:1 
and AgNP50◦C-1:2, respectively. These results confirm in a first approach, 
the successful synthesis of AgNP [47]. The broad peaks were also 
observed, indicating a broad size distribution. Similar results were ob
tained by other authors [45,48]. On the other hand, AgNP obtained at 
room temperature, AgNPRT-1:1, do not show the characteristic SPR. 
Vimala et al. [49] that studied the effect of reaction temperature on the 
synthesis of AgNP using Couroupita guianemsis, showed that no AgNP 
could be formed under 37 ◦C during 60 min. Increasing the reaction 
temperature, the reduction rate also increases and the majority of Ag 
ions are consumed during the formation of nuclei, blocking the sec
ondary reduction process on the surface of the produced nuclei [50]. 

Several publications claim to have successfully synthesized green 
AgNP at room temperature, but the incubation time is always longer 
than 1 h [45,48]. 

It is not possible to observe the AgNP formed at RT from the SEM 
analyses (Fig. 1C). This is in concordance with the obtained UV–Vis 
absorption spectra (Fig. 1A). Nevertheless, the synthesis at 50 ◦C showed 
the formation of AgNP with different shapes and sizes. With a low 
amount of extract (AgNP50◦C-1:1), the particles are irregularly shaped 
with a size distribution ranging from 42.9 to 142.9 nm (Fig. 1D). While 
the higher amount of extract (AgNP50◦C-1:2) results in the formation of 
particles with more defined shapes, mostly spherical, and the size dis
tribution was in the range 58.0 to 101.4 nm (Fig. 1E). The calculated 
average particle size (average of 25 particles) suggests that the 
AgNP50◦C-1:1 have the largest one (84.1 ± 26.5 nm) and AgNP50◦C-1:2 
have the smallest one (73.6 ± 10.9 nm). Due to their high surface en
ergy, AgNP have a propensity to aggregate [43], so rapid nucleation in a 
short period of time is necessary to obtain monodispersed AgNP and for 
that, almost all ionic species have to be reduced rapidly and simulta
neously to metallic species, followed by conversion to stable nuclei to be 
grown [51]. Zayed and Eisa [51] showed the influence of the concen
tration of extract in the biosynthesis of AuNP. The authors concluded 
that whereas faster nucleation produced monodisperse and smaller 
particles at the highest extract concentration, slower nucleation pro
duced larger particles at the smallest extract volume, most likely as a 
result of a slower nucleation rate. Also, Baruah et al. [44] concluded that 
at high concentration of extract, sufficient reducing and capping agents 
become available which stabilize the growing nuclei and prevent the 
aggregation of particles. Pinto et al. [52], investigated the impact of 
different parameters on the morphology and size of AuNP and concluded 
that the concentration of extract plays a significant role. 

FTIR analysis intend to reveal the structural differences between 
AgNP obtained at different synthesis conditions. Fig. 1B shows the 
representative spectra and clearly proves that no differences result from 
those conditions of biosynthesis. The stretching vibration of the N–H 
functional groups of the primary and secondary amines of amino acids, 
proteins and peptides is related with the large band at 2800–3500 cm− 1 

[53]. Additionally, the hydroxyl compounds (O–H) stretching vibration 
in aliphatic and phenolic structures are ascribed to this band [54]. The 
bands observed at 1721 cm− 1 and 1612cm− 1 correspond to C––O 
functional group of carboxylic acid and C––C stretching vibrations of an 
aromatic alkene, respectively. Primary and secondary amides with N–H 
functional groups is related of the band at 1515cm− 1 [55]. The band at 
1449cm− 1 is assigned to the C–H functional group of alkanes and the 
absorption bands in the region of 1357–1044cm− 1 represent the 
stretching of the C–O functional group of alcohols, carboxylic acids, 
esters and anhydrides [1]. The bands in the region of 922–608cm− 1 

usually indicates the presence of out-of-plane C–H bending vibrations 
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in alkenes and aromatics [20]. The presence of these bands provides 
confirmation that the AgNP is coated by phytochemicals from the 
eucalyptus leaves extract. 

The surface composition, the relative distribution of elements and 
their oxidation state that are present on the surface of the AgNPRT-1:1 and 
AgNP50◦C-1:1 were assessed by X-ray photoelectron spectroscopy (XPS) 
measurements. Both samples revealed the presence of oxygen, carbon, 
nitrogen and chloride in their survey XPS resolution spectra, as well as 
silver in the region of Ag 3d (Fig. S2). 

The binding energies (BE) of the elements as well as their amount (wt 
%) present on the surface, identified by XPS for both samples are shown 
in Table 1. 

The values of the BE of the elements are similar between both sam
ples, but the percentage of the elements are different, especially in the 
case of C 1s, Cl 2p and Ag 3d. The increase of the temperature in the 
preparation of AgNP affects the quantity of these elements on the 

surface. For AgNP50◦C-1:1, the amount of carbon increases and the 
amount of chlorine and silver decreases, in comparison with the sample 
produced at room temperature. The higher amounts of carbon and ox
ygen are due to the biomolecules such as phenolic acids, flavones, fla
vonoids and others from eucalypts leaves extract. These findings suggest 
that elevated temperatures promote reactions among the biomolecule- 
derived compounds, leading to the formation of more complex struc
tures. Moreover, the elements detected by the photoelectron peaks Cl 2p 
and N 1s can be attributed to compounds derived from biomolecules. 

The main carbon peak occurred at 285.04 and 286.40 eV for AgNPRT- 

1:1 and AgNP50◦C-1:1, respectively. For both samples, a deconvolution of 
the C 1 s peak revealed that carbon is present mainly as C–C, C–H, 
C–O and O=C-O groups from the biomolecules compounds, in accor
dance with the FTIR analysis. The O 1s peak was measured at 533.44 and 
533.80 eV for AgNPRT-1:1 and AgNP50◦C-1:1, respectively, and the 
deconvolution revealed that the oxygen atoms are linked to the C pre
sent in the biomolecules (Fig. 2A and B). 

Silver peak is measured at 368.44 and 368.90 eV for AgNPRT-1:1 and 
AgNP50◦C-1:1, respectively. In addition, silver amounts at the surface of 
each sample are different, with a decrease of Ag in the sample AgNP50◦C- 

1:1 (Table 1). The deconvolution of Ag 3d peak (Fig. 2C and D) shows 
four peaks at the same BE for both samples, with an intense doublet 
corresponding to peak positions at 368.2 and 374.2 eV, for Ag 3d5/2 and 
Ag 3d3/2, respectively, with energy separations (Δ) of 6 eV, typical of 
metallic silver [56]. The other BE peaks located at 369.5 eV (Ag 3d5/2) 
and 375.4 eV (Ag 3d3/2) correspond to different silver species [56,57]. 

Fig. 1. Evaluation of optical properties by UV–Vis (A), functional structure by FTIR (B) and surface morphology and texture (C–E) by SEM of AgNP biosynthesized 
with eucalyptus leaves extract at different synthesis conditions: (C) AgNPRT-1:1 at 30.00 k × magnification, (D) AgNP50◦C-1:1 at 100,000 × magnification and (E) 
AgNP50◦C-1:2 at 100,000 × magnification. 

Table 1 
Binding energies (BE) and the amount of the elements (wt%) from the XPS 
resolution spectra in the C 1s, O 1s, Cl 2p, N 1s and Ag 3d regions of the samples.  

Sample  C 1s O 1s Cl 2p N 1s Ag 3d 

AgNPRT-1:1 BE (eV) 
Wt% 

285.04 
39.82 

533.44 
20.02 

198.54 
5.82 

400.64 
2.34 

368.44 
32.00 

AgNP50◦C-1:1 BE (eV) 
Wt% 

286.40 
52.07 

533.80 
24.28 

198.50 
1.97 

400.30 
2.19 

368.90 
19.48  
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Fig. 2. High resolution XPS spectra of (A) C 1s and (B) O 1s from AgNP50◦C-1:1. (A) High resolution XPS spectra of Ag 3d region for (C) AgNPRT-1:1 and (D) AgNP50◦C- 

1:1 and Auger spectra for (E) AgNPRT-1:1 and (F) AgNP50◦C-1:1. 
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In order to identify the different silver species, the Auger spectra 
(Fig. 2E and F) were obtained for both samples, since the peak of Ag 3d5/ 

2 displays two BE values at 368.2 eV and 369.5 eV, being difficult to 
distinguish the different chemical states due to the small chemical shift 
of the silver BE [58]. The Auger spectra obtained for both samples are 
similar between them with a complex form related to the Ag MNN re
gions with peaks assigned at different kinetic energy values. The sample 
AgNP50◦C-1:1 shows the same six peaks at lower values of kinetic energy 
compared to AgNPsRT-1:1, with a contribution of different silver species. 
The presence of these species was defined by the Auger Parameter (AP) 
using BE (Ag 3d5/2) + KE (Ag MNN), where BE is the binding energy of 
Ag 3d5/2 peak (eV) and Ag MNN (KE) is the Auger kinetic energy [58]. 
Table 2 shows the values of kinetic energies, AP and the contribution of 
each silver species for both samples, according to the identification 
based on [57,59]. 

Different silver species were identified as Ag, Ag+, AgO and Ag2O, 
and they are dependent on the temperature used in the preparation of 
the AgNP. For the sample AgNPRT-1:1, Ag+ species is dominant with 64.3 
% contribution, suggesting that the reduction of silver is not completed 
at this temperature, followed by 20.2 % of metallic Ag and 15.5 % of 
AgO. The increase in temperature changes the oxidation state of the 
same silver species and the presence of the silver oxide is improved with 
38.2 % of AgO and Ag2O, followed by only 19.3 % of Ag+ and 42.6 % of 
Ag. At 50 ◦C, the silver reduction occurs and this indicates that 
increasing the amount of extract in the synthesis of AgNP at 50 ◦C can be 
sufficient to reduce the Ag+ ions. 

The thermal degradation of the AgNP50 ◦C-1:1 and AgNPs50◦C-1:2 was 
evaluated in order to understand the exclusive effect of the amount of 
extract on the synthesis of AgNP (Fig. 3A e B). 

The first thermal event which occurred at temperatures of up to 75 ◦C 
and 91 ◦C showed 2.8 % and 3.1 % loss in weight of AgNP50◦C-1:1 and 
AgNP50◦C-1:2, respectively. This weight loss is attributed to the loss of 
water that has been adsorbed and is only weakly attached, as well as the 
loss of volatile substances in the extract, demonstrating that these sub
stances exist and serve as biosurfactants for the AgNP [35,60]. The 
second weight losses (approximately 7 % and 10 %), which occurred at 
243 ◦C and 299 ◦C, were a result of the thermal degradation of bioactive 
molecules containing carbon found on the surface of AgNP [60]. The 
weight loss observed between 300 ◦C and 800 ◦C may be due to the 
thermal degradation of phytoconstituents present on the AgNP, 
including the degradation of resistant aromatic compounds and the 
release of oxygen molecules present on the surface of the particles 
[61,62]. Finally, transitions were observed at above 800 ◦C for 
AgNP50◦C-1:2 and is close to the melting point of silver (961.78 ◦C). 
Thermal stability of AgNP50◦C-1:1 and AgNP50◦C-1:2 showed a weight loss 

<24 % and 26 %, respectively, up to 800 ◦C. These results suggest that 
the amount of extract to biosynthesize AgNP does not influence their 
thermal properties. 

Zeta potential determinations allow estimation of the surface charge, 
which can be used to assess the physical stability of MNP [63]. A large 
positive or negative value of the zeta potential points out a good physical 
stability of the nanoparticles, due to the electrostatic repulsion between 
them. The zeta potential of the green AgNP determined in water as a 
dispersant was evaluated for 3 months and the results are shown in 
Fig. 3C, with the initial zeta potential values of − 33.57 ± 0.19 and 
− 32.33 ± 0.17 for AgNP50◦C-1:1 and AgNP50◦C-1:2, respectively. These 
values indicate that AgNP have a negatively charged surface, which 
implies strong repellent forces among the particles leading to aggrega
tion prevention and stabilization of the AgNP in the medium. After 3 
months, zeta potential values of − 32.03 ± 0.49 and − 31.50 ± 0.33 for 
AgNP50◦C-1:1 and AgNP50◦C-1:2 proved that the nanoparticles were stable. 

XRD analysis is a popular technique used to investigate the crystal 
structure and size of MNP [29]. The XRD patterns of AgNP50◦C-1:2 were 
recorded from 20◦ to 80◦ as shown in Fig. 3D. The presence of the four 
distinct thin and narrow diffraction peaks in the XRD pattern indicates 
that synthesized AgNP are crystalline. These peaks at 38.10◦, 44.29◦, 
64.44◦ and 77.38◦ are assigned to (1 1 1), (2 0 0), (2 2 0) and (3 1 1) hkl 
planes of face-centered cubic AgNP50◦C-1:2, respectively, in agreement 
with the other works (ICCD 00-001-1167 and JCPDS File N◦:03-0921) 
[64,65]. Peaks at 27.84◦ and 32.19◦ are assigned to reflection planes of 
AgCl nanoparticles (ICCD 00-006-1480 and JCPDS File N◦:00-031-1238) 
[66]. The other crystalline peaks (46.24◦ and 57.46◦) are also observed 
and are due to the presence of organic compounds in the extracts 
[64,67,68]. Fig. S3 display the XRD patterns and ICDD file numbers of 
AgNP and confirm the presence of different Ag species in agreement 
with XPS analysis. 

The crystallinity of the biosynthesized AgNP is 83.3 % and was 
calculated using the following equation (Eq. (3)): 

Crystallinity (%) =
Area of crystalline peaks

Area of all peaks (crystalline + amourphous)
(3) 

The average crystallite size of the synthesized NP was calculated 
using the Debye-Scherrer equation (Eq. (4)): 

D =
Kλ

βDcosθ
(4)  

where K is the Scherrer constant (0.94), λ is the X-ray wavelength 

(1.5421 Å), βD =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

β2
m − β2

α

√

where βm is the width of the XRD peak at 
half-height (FWHM) and βα is a constant determined from the instru
ment broadening (2.74×10− 3 rad) and θ is the Bragg angle [48]. From 
the Scherrer equation, the average crystallite size of AgNP50◦C-1:2 is 
found to be 25.42 nm. 

3.2. Identification of biomolecules in eucalyptus leaves extract 

Eucalyptus globulus leaves extract was previously characterized 
chemically and selected as a promising candidate for the biosynthesis of 
AgNP by our research group. Eucalyptus leaves extract has been 
increasingly recognized as a rich source of bioactive molecules for the 
successful production of different NP [38,45,68]. In this work, the 
extraction yield was 18.4 (±0.1)% and similar results were obtained by 
Hassine et al. [69]. 

The biomolecules in the eucalyptus leaves extract were identified by 
different analytical techniques. It was possible to identify seventeen 
volatile compounds by GC–MS analysis of the aqueous extract of euca
lyptus leaves (Table 3 and Fig. S4). 

Most of the volatile compounds identified in the extract of these 
eucalyptus leaves were also described as constituents of other euca
lyptus leaves. The major constituents of the Eucalyptus globulus leaves 

Table 2 
Kinetic energies (KE), Auger Parameter (AP) and the contribution of the silver 
species in the Ag 3d region of the samples.  

Sample 

KE (eV) AP Contribution (%) Silver species 

AgNPRT-1:1  

356.64  724.84  15.53 AgO  
354.11  722.31  17.35 Ag+

351.15  719.35  23.69 Ag+

348.78  716.98  23.21 Ag+

359.87  728.07  7.59 Ag  
345.99  714.19  12.63 Ag  

AgNP50◦C-1:1  

355.33  723.53  15.27 AgO  
353.00  721.20  18.90 Ag  
350.78  718.98  22.88 Ag2O  
348.77  716.97  19.30 Ag+

357.66  725.86  23.10 Ag  
345.94  714.14  0.55 Ag  
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extract were 1,8-cineole or eucalyptol (72.3 %), followed by pinocarveol 
(7.9 %) and pinocarvone (2.1 %). The concentration of other volatile 
compounds in such extract was <2 % (Table S1). 1,8-cineole was the 
most abundant, which is in good agreement with data reported by other 
studies [70–72]. Previous reports have shown the significance of these 
biomolecules in the synthesis of AgNP [46,73]. It was defended that 
sesquiterpenoids and monoterpenoids are the key donors for the syn
thesis of AgNP [74]. Wang et al. [75] identified the biomolecules of 
eucalyptus leaves extract involved in the formation of iron nano
particles/reduced graphene oxide composites. The authors concluded 
that biomolecules such as 1,8-cineol, trans-p-mentha-1(7), α-terpineol, 
8-dien-2-ol and cis-p-mentha-1(7), 8-dien-2-ol, due to their specific 
functional groups, a hydroxyl group (-OH) and =O, acted as reducing 
agents. Liu et al. [32] also identified specific biomolecules involved in 
the synthesis of iron nanoparticles, such as carveol, as reducing agent, 
and α-terpineol as capping agent. Ali et al. [76] demonstrated that ter
penoids such as terpinen-4-ol and 1,8-cineole are involved in the for
mation of copper oxide nanoparticles. Based on these findings, it is 
forwarded that biomolecules such as (1) 1,8-cineol, (9) terpinen-4-ol 
(10) α-terpineol, (13) trans-p-mentha-1(7), 8-dien-2-ol, (14) carveol 
and (16) cis-p-mentha-1(7) are identified in literature as biomolecules in 
eucalyptus leaves that may contribute for the biosynthesis of MNP. 

The phenolic profile of eucalyptus leaves obtained after aqueous 
extraction (Figs. S5 and S6) and the respective chemical identification 
are presented in Table 4. Fragmentation profiles were compared to the 
mass spectrometry database and literature to identify the compounds. 
Twelve phenolic compounds were detected, including flavonoids and 
phenolic acids. Some phenolic compounds of the eucalyptus leaves 

extract before and after synthesis of AgNP50◦C- 1:2 were quantified by 
HPLC with UV detection and are expressed in mg⋅L− 1 (Table 4). 

After synthesis of AgNP50◦C- 1:2, the amount of the compounds 3 
(catechin), 5 (ellagic acid), 6 (rutin), 7 (gallic acid), 10 (quercetin) and 
12 (kaempherol) decreased, and this decline was more accentuated for 
gallic acid, kaempferol and cathecin, with a reduction of 51, 31 and 26 
%, respectively. These compounds can be used as reducing and/or 
capping agents in the reaction as stated in current works on gallic acid 
metal-reducing potential [65,77,78]. Santos et al. [65] observed that the 
concentration of gallic acid diminished after the synthesis of AgNP with 
eucalyptus bark extract and concluded that phenolic compounds, in 
particular derivatives of gallic acid, are mainly responsible for the metal- 
ion reduction. It is forwarded that AgNP may be synthesized upon the 
development of a transitory complex between Ag+ ions and the phenolic 
hydroxyl groups of the gallic acid. Subsequently, through the oxidation 
process, it changes to quinine that generates AgNP [77,78]. Other pre
vious studies have shown that kaempferol [79] and quercetin [79,80] 
were able to reduce metal ions such as Ag+. Based on the similarities 
between the AgNP synthesized using Ocimum sanctum leaves extract and 
pure quercetin in terms of optical, morphological and antibacterial 
properties, quercetin would be the main involved for the reduction of 
Ag+ ions [80]. Pradeep et al. [79] performed a systematic study to unveil 
the mechanism of synthesis of AgNP using extract of Hypericum perfo
ratum and concluded that flavonoids and phenolic acids are involved in 
the reduction of Ag+ ions, phloroglucinols and xanthones act as capping 
agents and naphthodianthrones were responsible in both steps. Ghor
eishi et al. [81] indicated that the –OH group of flavonoids (myricetin 
and quercetin) can be oxidized to carbonyl groups (-C=O) during the 

Fig. 3. Thermogravimetric analysis of (A) AgNP50◦C-1:1 and (B) AgNP50◦C-1:2; (C) Zeta potential evaluation during 3 months and (D) XRD pattern exhibiting the fcc 
structure of AgNP50◦C-1:2. 
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bioreduction of metal ions. 
The mechanism of biological nanoparticle synthesis needs to be 

clarified through more detailed studies [79]. 

3.3. Environmental remediation of green AgNP 

The environmental applications of green AgNP are focused in their 
potential as antimicrobial agents and as heterogeneous catalysts for the 
photodegradation of contaminants in aqueous effluents. 

The antibacterial potential of MNP has been assessed and it may 
result from the production of reactive oxygen species (ROS), which 
destroy cell biomolecules and disrupt nuclear membranes and cells [82]. 

AgNP provide a broad spectrum of antimicrobial coverage, including 
bacteria, fungi and viruses. The antibacterial properties of synthesized 
AgNP50◦C-1:2 against two types of bacteria were investigated: E. coli 
(gram-negative) and S. aureus (gram-positive). The concentrations of 
AgNP in both cases ranged from 1.0 to 10.0 mg⋅mL− 1 (Fig. 4). 

The antibacterial activity of the AgNP50◦C-1:2 against E. coli and 
S. aureus can be evidenced in both cases, and the bacterial inhibition 
depends on AgNP concentration. The significant difference in the 
diameter of the zone of inhibition of the S. aureus and E. coli is detected 
with 1.0 mg⋅mL− 1 of AgNP. The lower effect of AgNP against S. aureus is 
attributed to the difference in the bacteria membrane structure, 
distinctively: Gram-positive bacteria have a thicker cell wall made of 
peptidoglycan proteins, which allows them to gain resistance to AgNP, 
in contrast to Gram-negative bacteria, which have weaker cell walls. 
Since Gram-positive bacteria have negatively charged cell walls that can 
draw silver ions to their surface, it is possible to reduce the number of 
silver ions that reach the plasma membrane [83]. Bhuyan et al. [84] 

Table 3 
Identification of the volatile compounds present in aqueous extract of eucalyptus 
leaves.  

Peak Rta 

(min) 
Compound % 

composition 
of the extract 

Research on compounds 
identification 

1  5.690 1,8-Cineole 
(eucalyptol) 

72.30 ±
0.92 

[69–72,75,76,95–100] 

2  9.071 6-Methyl-5- 
hepten-2-one 

<1 n.r. 

3  10.562 (Z)-3-Hexenol <1 n.r. 
4  12.475 cis-Linalool 

furanic oxide 
<1 n.r. 

5  13.463 trans-Linalool 
furanic oxide 

<1 [100] 

6  16.470 Pinocarvone 2.14 ± 0.08 [72,99,100] 
7  17.456 Fenchol <1 [98–100] 
8  17.977 Caryophyllene <1 [72,98,100–102] 
9  18.100 Terpinen-4-ol <1 [72,76,95,98,102] 
10  19.864 Pinocarveol 7.85 ± 0.20 [70,95,96,100] 
11  21.594 α-Terpineol 1.16 ± 0.02 [32,72,75,76,97,98,100,102] 
12  24.784 Myrtenol <1 [95,99,102] 
13  25.025 trans-p- 

Mentha-1 
(7),8-dien-2-ol 

1.19 ± 0.02 [75,100] 

14  26.414 Carveol <1 [32] 
15  26.863 p-Cymen-8-ol <1 [100] 
16  28.142 cis-p-Mentha- 

1(7),8-dien-2- 
ol 

1.59 ± 0.02 [75,100] 

17  28.706 2- 
Phenylethanol 

<1 n.r. 

18  33.936 Ledol <1 [71,98,100]  

a Rt = retention time (min); n.r. = not reported. 

Table 4 
HPLC-MS fragmentation profile and abundance of phenolic compounds identified in eucalyptus leaves extract before and after AgNP synthesis.  

Peak 
no. 

Rta 

(min) 
[M-H]−

[m/z] 
MSn product ions 
[m/z] 

Compound Quantification of phenolic compounds 
in eucalyptus leaves extract [mg⋅L− 1] 

Research on compounds 
identification 

Before AgNP 
synthesis 

After AgNP 
synthesis 

1  7.49  191 173, 111, 87, 85 Quinic acid – – [102] 
2  8.33  353 191 Chlorogenic acid – – [102–107] 
3  9.23  289 245, 205, 203, 

125, 109 
Catechin 232.6 ± 12.4 172.2 ± 10.7 [106] 

4  12.4  635 483, 465, 313, 
211, 169 

Trigalloyl-glucoside – – [108,109] 

5  13.73  301 229, 185, 173, 
157, 146 

Ellagic acid 250.1 ± 3.6 209.0 ± 2.2 [102,103,107,109] 

6  13.83  610 301 Rutin (quercetin-3-O-rutinoside) 266.3 ± 3.5 239.8 ± 1.8 [104,105] 
7  13.93  169 125 Gallic acid 165.7 ± 2.1 79.6 ± 0.8 [102,103,106,107,109,110] 
8  14.65  433 243, 271, 300 Quercetin 3-arabinoside – – [102] 
9  15.36  463 151, 179, 301 Spiraeoside – – n.r. 
10  17.36  301 179, 165, 151, 

121, 107 
Quercetin 2.4 ± 0.2 2.100 ± 0.003 [104,110] 

11  18.64  395 305, 275, 247 8-Glucosyl-5,7-dihydroxy-2-(1- 
methylpropyl)chromone 

– – n.r. 

12  18.69  285 – Kaempferol 17.2 ± 1.0 11.9 ± 0.8 [102,103]  

a Rt = retention time (min); n.r. = not reported. 

Fig. 4. Antibacterial activity of AgNP50◦C-1:2 at range concentration 1–10 
mg⋅mL− 1. The symbol * shows significant differences (p < 0.05) between in
hibition zone of the same concentration of AgNP in different bacteria. 
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reported that the superficial contact of AgNP with the cell membrane 
can inhibit enzymatic systems of the respiratory chain, the replication of 
bacterial DNA is reduced and inactivation of protein occurs. The results 
obtained with green synthesized AgNP are consistent with the well- 
known powerful antibacterial properties of AgNP [80,85]. 

Recent studies have shown that green AgNP can be used as hetero
geneous catalyst in the photodegradation of a variety of dyes [1,33]. The 
mechanism of photodegradation of dyes by MNP is attributed to the 
formation of surface plasmons in the MNP under photonic excitation. 
This photo absorption process is followed by the creation of electrons, 
transfer of charge carriers and recombination of charge carriers with the 
organic dye molecules after this excitation step activates the dye [86]. 
The band gap energy (Eg) is an essential parameter determining the 
performance of the photocatalyst [80,87]. The corresponding band gap 
value of AgNP50◦C-1:2 could be estimated according to Eq. (5): 

Eg =
1240

λg
(5) 

Eg is the band gap of the AgNP and λg is the threshold wavelength, 
the one of the corresponding absorbance edge [87]. The estimated Eg 
was 2.67 eV, making it able to participate effectively in the photo
degradation of pollutants [88]. 

Here, the photodegradation activity of biosynthesized AgNP50◦C-1:2 is 
evaluated using a model dye molecule, IC (Fig. 5A). This performance 
parameter was monitored over time by UV–visible spectroscopy at 610 
nm, during 2 h of reaction. To demonstrate the efficiency of bio
synthesized AgNP and the impacts of different irradiations on the IC 
degradation, control experiments were carried out. 

The results indicate that the removal of IC is insignificant under UV 
light, visible light and sunlight irradiations without the presence of 
AgNP in line with other works [89]. In addition, no significant changes 
are observed during the dye degradation experiment conducted in the 
dark in the presence of AgNP. These data confirm that the dye degra
dation rely on both the presence of AgNP and the irradiation as in a 
typical heterogeneous photocatalysis. The absorption peak of IC dye 
(610 nm) decrease with the increase in irradiation time and almost 
disappears at the end of reaction (Fig. S7) evidencing the extinction of 
the molecular structure of the IC dye by an attack on the exocyclic 
double bond [89,90]. After 60 min, 93.8 ± 0.6 % of the IC dye is 

degraded under sunlight irradiation, whereas only 27.4 ± 1.5 % and 
18.8 ± 2.4 % degradations are reached under visible and UV light, 
respectively. These results are also confirmed by the kinetic analysis that 
determined that the photocatalytic decolorization of IC is fitted by a 
pseudo first-order kinetic model (Eq. (6)): 

ln
C
C0

= − k⋅t (6)  

C0 is the IC dye initial concentration, C is the concentration of IC dye at t 
(time) and k (min− 1) is the apparent rate constant. 

The plot of ln (C/C0) vs time for the photocatalytic degradation of the 
IC dye solution using AgNP50◦C-1:2 is shown in Fig. 5B. The k calculated is 
found to be 0.0476, 0.0152 and 0.0039 min− 1 for sunlight, visible and 
UV light, respectively, and confirms that sunlight is the best radiation to 
promote the photodegradation. The regression coefficient values are 
higher than 0.933, which indicates that the experimental data are well 
fitted by the pseudo-first-order model (Table 5). The half-life (t1/2) of the 
decolorization is calculated using Eq. (7): 

t1/2 =
0.693

k
(7) 

The half-life is found to be 14.56, 45.59 and 177.69 min for IC 
decolorization under sunlight, visible and UV light, respectively. 

A possible mechanism for the photodegradation of IC dye includes 
the absorption of photons of energy that release electrons in the con
duction band and generates holes in the valence band. The photo- 
generated holes formed in the valence band migrate closer to the IC 
dye molecules and take part in the oxidative photodegradation by 

Fig. 5. Evaluation of photocatalytic efficiency of AgNP50◦C-1:2 under different irradiations (A) Indigo Carmine (IC) dye, (B) Decolorization efficiency vs time and (C) 
ln (C/C0) vs time. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Table 5 
Values of decolorization efficiency (%), kinetic constant (k = min− 1) and linear 
correlation coefficient (R2) for IC photodegradation under UV, visible and sun
light irradiation.  

Radiation 
type 

Decolorization 
efficiency % 

Rate constant (k, 
min− 1) 

Squared R 
(R2) 

UV 37.41 ± 4.12  0.0039  0.9942 
Vis 83.30 ± 2.03  0.0152  0.9311 
Sunlight 97.58 ± 0.51  0.0476  0.9821  
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producing hydroxyl radicals (•OH) from adsorbed water molecules. The 
photo-generated electrons from the conduction band are captured by 
adsorbed molecular oxygen on the surface of the AgNP and become 
superoxide free radicals [15,91,92]. The total mineralization is not 
confirmed in this work. However, some previous investigations [93,94] 
showed the photodegradation of IC dye into isatin sulfonic acid up to 2- 
amine-5-sulfo-benzoic acid formation via oxidation. 

These comparative evaluations demonstrated that direct sunlight 
irradiation is the optimum condition for the photocatalytic reduction of 
IC dye in presence of AgNP. Solar energy for the degradation of pol
lutants by photocatalysis is an economic and sustainable solution. 

For the evaluation of the phytotoxic effect of the treated solution 
after photodegradation, germination tests with corn kernels were per
formed (Fig. S8). 

There is a significant difference between the untreated solution 
(control) and treated IC solutions by photodegradation using 
AgNP50◦C1:2 catalyst. The germination of corn kernels was assessed in 
Petri dishes irrigated with ultra-pure water during 7 days at room 
temperature. The assays were performed in February 2023, and the 
temperature of the water was 15 ◦C. The germination of corn kernels was 
successful in control (70 %). 

On the other hand, the germination was minor for untreated aqueous 
solutions containing IC dye at 10 mg⋅mL− 1, which did not exceed 13 %, 
and treated solutions under UV, visible light and sunlight irradiation 
reached in 7 days 40, 53 and 73 %, respectively. In presence of sunlight 
irradiation, the germination is similar to the control. This confirms low 
phytotoxicity after the photocatalytic degradation processes mainly 
with sunlight radiation, the results of phytotoxicity being in agreement 
with the results of photodegradation. Consequently, degradation cata
lyzed by AgNP and under sunlight irradiation reached the best combi
nation for preventing or decreasing the environmental impact of the 
contaminated effluents by dyes. 

4. Conclusions 

Natural resources have created numerous opportunities for the green 
synthesis of MNP. Leaves from Eucalyptus globulus, a raw plant in 
Portugal are inexpensive, locally available, abundant and eco-friendly. 
These eucalyptus extracts revealed to be an excellent resource for the 
synthesis of stable AgNP with a significant impact on the environment 
by reducing waste and producing benefits for the MNP. The reaction 
temperature and concentration of the eucalyptus leaves extract affected 
the AgNP synthesis and the best results were obtained at 50 ◦C and a 
ratio 1:2. AgNP50◦C1:2 showed a spherical shape with high stability and a 
pure crystalline nature with an average crystallite size of 25.42 nm. 
Biomolecules identified as being in eucalyptus as catechin, ellagic acid, 
rutin, gallic acid, quercetin and kaempherol were used as reducing and/ 
or capping agents in the synthesis of AgNP. These nanoparticles 
exhibited efficient antibacterial activity against both gram-positive and 
gram-negative bacteria: Escherichia coli (15 mm maximum zone of 
clearance) and Staphylococcus aureus (14 mm maximum zone of clear
ance). High photodegradation of IC dye under UV, Visible light and 
sunlight radiation was successfully achieved with sunlight as the best 
compromise. In addition, germination tests confirmed the efficiency of 
the IC photodegradation using AgNP with sunlight radiation. This work 
is promoting the development of a dual-in-one platform for cleaning up 
wastewater systems. 
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